Introduction
============

Despite promising achievements in pharmaceutical biotechnology and development of new drugs, cancer and infectious diseases are still the main causes of mortality and morbidity in the world after cardiovascular diseases.[@b1-ijn-13-8013] Besides, most microorganisms are intrinsically capable of evading therapeutic agents due to their rapid evolutionary genetic mechanisms of adaptation.[@b2-ijn-13-8013] On the other hand, many pharmaceutical companies have lost their interest in developing new antibiotic compounds due to their narrow profit margin.[@b3-ijn-13-8013] Consequently, it is crucial to develop efficient and low-cost processes for the production of therapeutic agents to combat the mentioned health problems. Significant developments in nanoscience and nanotechnology, particularly in the area of diagnosis and treatment, are promising toward tackling the issue of the development of antimicrobial drug resistance and improving life quality. Biocompatible nanomaterial with engineered physicochemical properties can provide effective strategies for defeating cancer and infectious disease.[@b4-ijn-13-8013]--[@b9-ijn-13-8013]

Different physical and chemical methods have been proposed to produce biocompatible nanoparticles with enhanced therapeutic properties. The physical methods often require elevated temperatures and/or high pressures that may not be cost effective for large-scale manufacture of the nanoparticles. Nevertheless, certain chemical methods are capable of producing nanoparticles with desirable characteristics. Utilization of toxic and hazardous solvents, however, is one of the shortfalls of the chemical processes.[@b10-ijn-13-8013]--[@b14-ijn-13-8013]

Recently, green synthesis has been introduced as a simple, economically viable, and environmentally friendly alternative approach for the synthesis of nanoparticles. In a typical green synthesis, biological compounds (such as plant extracts), microorganisms, or even eukaryotic cells act as both reducing agent and stabilizing agent leading to the production of desirable nanoparticles with predefined features.[@b11-ijn-13-8013],[@b15-ijn-13-8013],[@b16-ijn-13-8013]

Silver nanoparticles (AgNPs) are of great interest due to their unique and controllable characteristics. These include antioxidant, antifungal, anti-inflammatory, antiviral, anti-angiogenesis, and antimicrobial effects.[@b17-ijn-13-8013]--[@b19-ijn-13-8013] Furthermore, there are increasing reports on the antitumor properties of AgNPs.[@b19-ijn-13-8013]--[@b22-ijn-13-8013] However, their mechanism of action against microorganisms and the cancerous cells as well as their toxicity effect on normal cells has not been yet fully understood.

In this study, we have investigated the feasibility of using an aqueous solution extracted from walnut green husk for the synthesis of AgNPs. A very mild and solvent-free procedure was employed at a low temperature for the extraction of the herbal material. We propose that this biosafe extract acts as a reducing agent as well as a stabilizing agent. The synthesized nanoparticles were assessed in terms of their cytotoxicity and characterized with respect of their antioxidant, antitumor, and antimicrobial properties.

Materials and methods
=====================

Materials
---------

The walnut fruits (*Juglans regia*) were collected from the University of Isfahan campus, Isfahan, Iran. Silver nitrate (99.98%) was purchased from Merck (Darmstadt, Germany). 1,1-diphenyl-2-picrylhydrazyl (DPPH) was procured from Sigma-Aldrich (Darmstadt, Germany). Commercial silver nanoparticles (CSNs) (used as a control) were product of US Research Nanomaterials Inc. (Houston, TX, USA). High-purity chemical reagents were purchased from Merck and Aldrich chemical companies. All other materials were of commercial reagent grade. Bacterial strains of *Escherichia coli*, *Pseudomonas aeruginosa*, and *Staphylococcus aureus* were obtained from Isfahan University of Medical Sciences, Isfahan, Iran. L-929 and MCF-7 cell lines and standard strains of the same bacteria by standard numbers 35218 ATCC (American Type Culture Collection), 1214 PTCC (Persian Type Culture Collection), and 1189 ATCC, respectively, were purchased from Pasteur Institute of Iran.

Preparation of walnut extract
-----------------------------

The walnuts were washed, peeled, and 10 g of their husks was mixed with 100 mL deionized water. The solution was agitated at 37°C for 24 hours in a shaker incubator. The extract was then filtered using Whatman No 1 filter papers. The filtrate was concentrated by rotary evaporator (70°C) and then dried under lab conditions (27°C--30°C) to make a powder form of the extract.

Green synthesis of silver nanoparticles (AgNPs)
-----------------------------------------------

AgNPs were synthesized using the following protocol: 50 mg of the dried walnut extract was dissolved in 100 mL deionized water and its pH was adjusted to 8 by using NaOH. Then, 100 mL of the silver nitrate solution (6 mM) was gradually added to the extract solution while stirring (1,000 rpm). The flask containing the sample was stirred at 37°C--40°C in dark for 24 hours. The resultant colorful mixture (dark brown) was then centrifuged at 13,000 rpm for 15 minutes at 25°C. The obtained pellet was washed twice with deionized water to remove any residues of the extract. The final precipitate was lyophilized and stored for further characterization.

Characterization of the AgNPs
-----------------------------

### UV--Vis spectroscopy

The ultraviolet--visible (UV--Vis) spectroscopy (JASCO V-670 UV-VIS-NIR Spectrophotometer; Tokyo, Japan) was used within the range of 300--700 nm for assessing the effect of time on AgNP formation. Optical properties of the metal nanoparticles, which are sensitive to concentration, size, shape and agglomeration state, make UV--Vis spectroscopy a valuable tool for identifying these materials. The formation of unique peak at specific wavelength of light is due to the surface plasmon resonance of the electrons present on the nanoparticle surface.

### Particle size and charge analysis

The hydrodynamic size (Z average), polydispersity index (PDI), and surface charge (zeta potential) of the synthesized nanoparticles were analyzed by the Horiba SZ-100 particle size analyzer (Kyoto, Japan). Particle size analysis was performed at the scattering angle of 90°, medium viscosity 0.895 mPa⋅s, count rate of 210 kCPS, at 25°C.

### Morphological investigation

The field emission scanning electron microscopy (FESEM) (MIRA3; TESCAN, Brno, Czech Republic) was employed for investigating the morphology of the AgNPs as well as presence/absence of any aggregation or agglomeration.

### X-ray diffraction analysis

Crystallographic analyses of the AgNPs were performed using X-ray powder diffraction (XRD; XRD D8 Advance, Bruker, Madison, WI, USA) having Cu Kα (*λ*=1.540 Å) as a radiation source within 2*θ*=10--700 at the scan speed 0.4°/min. The obtained pattern from the XRD analysis was used to identify the chemical composition and crystalline structure of the compound. The chemical composition of nanoparticles was also assessed using energy-dispersive X-ray spectroscopy (EDS) (MIRA3; TESCAN).

### Fourier transform infrared spectroscopy

In order to verify the possible effect of various phytochemicals present in the walnut green husk extract on the surface modification of the synthesized nanoparticles, Fourier transform infrared (FTIR) spectroscopy was employed (JASCO Ltd., Tokyo, Japan).

Antioxidant properties
----------------------

DPPH scavenging assay was used to calculate the total antioxidant content of the extract and AgNPs. In a typical procedure, 100 µL of DPPH solution (0.25 mM in methanol) was transferred to each well of a 96-well plate. Then, different concentrations of CSN, extract, and AgNPs (5--400 µg/mL) were added to each well. The plate was incubated in dark for 1--2 hour at 37°C. UV absorbance (A) of the sample was then assessed at 517 nm using a UV--Vis spectrophotometer (Mettler Toledo V670). The percentage of inhibition was calculated according to [Equation 1](#fd1-ijn-13-8013){ref-type="disp-formula"}.[@b23-ijn-13-8013] $$\%\text{inhibition} = \frac{A_{\text{control}} - A_{\text{test}}}{A_{\text{control}}} \times 100$$

In this equation, A~control~ represents the absorbance of the solution prepared by adding 100 µL of deionized H~2~O to 100 µL of 0.25 mM methanolic solution of DPPH. A~test~ refers to the absorbance of the AgNPs, walnut green husk extract, or CSN.

Cytotoxicity evaluation of AgNPs
--------------------------------

To determine the cytotoxic and anticancer effects of AgNPs, cell viability study was conducted using the conventional MTT reduction assay.[@b24-ijn-13-8013]--[@b26-ijn-13-8013] Briefly, L-929 and MCF-7 cells were seeded in 96-well plates at the density of 5,000 cells/well in the presence of 100 µL cell culture medium (RPMI supplemented with 10% FBS and 1% penicillin--streptomycin solution). Cells were incubated for 24 hours in an incubator containing 5% CO~2~ at 37°C. After 24 hours of seeding, the medium inside the wells was replaced with fresh medium along with different concentrations of the walnut green husk extract, CSN, or AgNPs (10--60 µg/mL) and incubated for 24--48 hours at 37°C. To detect cell viability, the old medium was replaced with 100 µL of fresh medium, then 10 µL of MTT solution (5 mg/mL in DMSO) was added to each well, and the plates were incubated further for another 4 hours. The MTT solution was then discarded, and 100 µL of DMSO was added to each well followed by incubation for 40 minutes in dark. The solution was then pipetted and its absorbance was recorded at 492 nm using a microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Antimicrobial tests
-------------------

The antimicrobial activity of the AgNPs was investigated by agar well diffusion method against the nosocomial strains of *E. coli*, *P. aeruginosa*, and *S. aureus*, and the standard strains of the same bacteria for comparison. In a typical test, the 0.5 McFarland standard suspensions of the bacterial strains were prepared using a UV--Vis spectrophotometer at OD~600\ nm~. The bacterial strains were then swabbed onto Mueller--Hinton agar (MHA) plates, and wells were formed by punching the medium using a sterilized Pasteur pipette. Then 60 µL of the AgNPs suspension was added to each well in concentrations from 16 to 1,000 µg/mL and the plates were incubated at 37°C for 18 hours. The diameter of the inhibition zone was measured in mm. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) were evaluated using the standard broth dilution method.[@b27-ijn-13-8013] Briefly, 50 µL of the overnight-grown bacterial cultures (0.01 of 0.5 McFarland) along with 100 µL uncultured MHA were placed into 96-well plates followed by addition of 100 µL of the AgNPs by serial dilutions of 5--100 µg/mL and incubated at 37°C for 18 hours. Wells containing culture media and the bacterial suspension were considered as control. The inhibition rate of the nanoparticles was measured spectrometrically at OD600 nm. To confirm the bacterial death, the wells showing no visible growth (more than MIC) were swabbed on MHA plates and incubated for 18 hours at 37°C. The MBC is the lowest broth dilution of the antimicrobial that prevents growth of the organism on the agar plate.[@b28-ijn-13-8013]

Results and discussion
======================

UV spectroscopic analysis of AgNPs
----------------------------------

The process of AgNP synthesis was monitored by the change of color, pH, and UV--Vis spectra. [Figure 1](#f1-ijn-13-8013){ref-type="fig"} shows 1) the UV--Vis spectra and 2) pH change of the colloidal AgNPs obtained using walnut green husk extract as a function of reaction time. The color of mixtures was changed from light brown to dark brown after addition of the extract from walnut green husk ([Figure 1C](#f1-ijn-13-8013){ref-type="fig"}) during the 24-hour period. According to the results, increasing the time of the reaction up to 24 hours results in a steady increase in the intensity of the absorbance peaks. These changes were accompanied by a red shift in λmax from 417 to 424 nm for the AgNPs. It is well known that AgNPs exhibit red--brown color in water, which is due to the excitation of surface plasmon resonances of the metal nanoparticles.[@b29-ijn-13-8013] Increase in the intensity of the absorbance peak has already been reported by Shankar et al as a function of time, although no red shift was reported in their research.[@b30-ijn-13-8013] The red shift is attributed to the initiation of the growth phase of nanocrystals resulting in the synthesis of larger particles without aggregation,[@b31-ijn-13-8013]--[@b33-ijn-13-8013] or the presence of extract constituents as a capping agent.[@b34-ijn-13-8013] However, it may alternatively be due to the change in the pH of the mixture occurred during participation of OH groups during the formation of AgNPs.

### X-ray powder diffraction

XRD technique was employed in order to investigate the crystalline phase and the orientation of the synthesized nanoparticles. Based on the XRD spectra shown in [Figure 2A](#f2-ijn-13-8013){ref-type="fig"}, peaks at 2*θ*=38°, 44°, 44.56°, 64°, and 77° are attributed to (111, 200, 220), and (311), planes of the face-centered cubic geometry of Ag nanocrystals (JCPDS NO 01-087-0597). Moreover, appearance of three assigned peaks could be interpreted as the presence of crystallized organic compounds on the nanoparticles. Besides, the EDS spectrum depicts a sharp peak at 3 keV ([Figure 2B](#f2-ijn-13-8013){ref-type="fig"}), which confirms the XRD results.

Particle characterization
-------------------------

To investigate the hydrodynamic size, PDI, and surface zeta potential of the samples, the dynamic light-scattering (DLS) technique was utilized. According to the results shown in [Figure 3A and B](#f3-ijn-13-8013){ref-type="fig"}, the average hydrodynamic size, PDI, and zeta potential for AgNPs were 51 nm, 0.4, and −33.8 mV (pH =6.7, 25°C), respectively. PDI can be defined as a number calculated from a two-parameter fit to the correlation data (the cumulants analysis). It is dimensionless and scaled such that the PDI value "0" represents monodisperse distribution whereas value "1" represents polydisperse distribution of particles. Values smaller than 0.05 are mainly seen with highly monodisperse standards. PDI values bigger than 0.7 indicate that the sample has a very broad particle size distribution and is probably not suitable to be analyzed by the DLS technique.[@b35-ijn-13-8013],[@b36-ijn-13-8013] The PDI value of 0.4 obtained in this study is, hence, an acceptable value although there is room for improvements in this regard.

Zeta potential, on the other hand, is the measurement of the magnitude of electrostatic charge repulsion or attraction between particles in a liquid suspension. It is one of the essential parameters for characterizing the stability of nanoparticles in an aqueous environment. Particles with zeta potentials greater than +30 mV and less than −30 mV are considered stable for colloidal dispersions in the absence of steric stabilization.[@b19-ijn-13-8013],[@b36-ijn-13-8013] Consequently, the synthesized AgNPs with the zeta potential of −33.8 mV can be considered to be adequately stable colloidal system.

Morphological analysis
----------------------

The FESEM micrographs shown in [Figure 4](#f4-ijn-13-8013){ref-type="fig"} reveal that the nanoparticles possess spherical morphology, with an average size of 31.4 nm. The difference between particle size data obtained by microscopic studies and DLS is due to the fact that a limited number of particles can be assessed by microscopic techniques (50 particles in this study) while DLS method measures all particles in the sample analyzed. The particle size distribution observed by the microscopic studies is relatively monodisperse, which is in accordance with the DLS data and the PDI value of 0.4. The clustering of the AgNPs seen in the [Figure 4](#f4-ijn-13-8013){ref-type="fig"} is possibly a result of sample preparation procedure for the microscopic analysis. However, no distinct aggregation or agglomeration of the nanoparticles is expected basically due to the high electrostatic repulsive forces between the particles originated from their zeta potential value of −33.8 mV indicating stable colloidal system (as explained above). Moreover, no precipitation was observed in the synthesized AgNPs samples up to 6 months after their preparation and storage at 4°C as well as room temperature.

FTIR
----

To identify the chemical transformation that occurred during the interaction between the silver nitrate and functional groups present in green husk extract of walnut, FTIR analysis was carried out ([Figure 5](#f5-ijn-13-8013){ref-type="fig"}). Although the exact mechanism for the reduction of silver ions to AgNPs is not well understood, a simple comparison of FTIR spectra of the extract and the synthesized nanoparticles leads to the following extrapolation: The extract spectrum matches well with the AgNPs spectrum (with a decrease in intensity and a slight shift in the position of peaks). These findings show that the functional groups such as O--H (at 3,397 cm^−1^) and =C--H (at 2,925 cm^−1^) have a deterministic role in the reduction of silver ions. These functional groups are attributed to polyphenols and aldehydes as the main components of the walnut aqueous extract.[@b37-ijn-13-8013]--[@b41-ijn-13-8013]There exists a decreasing and fractioning pattern for the peaks of functional groups such as C=O (at 1,710 cm^−1^), N--H (at 1,603 cm^−1^), −C--H (at 1,401 cm^−1^), and C--O (at 1,105 cm^−1^), which is the result of binding extract's components, including proteins and other organic molecules, on the surface of AgNPs. It is proposed that the proteins present in the walnut green husk extract function in a similar way to surfactant molecules by attaching to the nanoparticles surface and providing colloidal stability.[@b19-ijn-13-8013] Moreover, it is proven that proteins can bind to the nanoparticles as the stabilizers either through their free amine groups or cysteine residues.[@b42-ijn-13-8013] Capping proteins and other organic compounds prevent agglomeration of nanoparticles in the suspension medium and are responsible for forming highly stable AgNPs.

Antioxidant properties
----------------------

The results of DPPH-free radicals elimination studies ([Figure 6](#f6-ijn-13-8013){ref-type="fig"}) revealed that both aqueous extract of the walnut green husk and AgNPs are capable of scavenging elevated concentrations of the free radicals. CSN, however, exhibited less free-radical scavenging ability. The scavenging yields of CSN, extract, and AgNPs were calculated to be 34%, 45%, and 78%, respectively (after 2 hours exposure). The improved antioxidant property of the AgNPs seems to be dependent on the concentration and exposure time of the nanoparticles. As can be seen in [Figure 6](#f6-ijn-13-8013){ref-type="fig"}, in an exposure time of 1 hour, the EC~50~ of AgNPs decreased from 50 to 15 µg/mL. In the case of walnut green husk extract, however, the antioxidant behavior was dependent only on the concentration of the extract. Although the ability of the extract to inhibit free radicals did not reach 50% in our experiments, a rational extrapolation predicts an EC~50~=500 µg/mL for the walnut green husk extract. In a study using Portugal walnut green husk extract, Fernandez-Agullo et al reported an EC~50~ of 720 µg/mL.[@b23-ijn-13-8013] This value is less than the results obtained in the present study and indicates that the extract used is more potent in terms of free-radical scavenging compared to the previously reported findings. This elevated antioxidant activity could be attributed to the larger amount of biologically active compounds (polyphenols) such as flavonoids, ellagic acid, and valenic acid in the Persian walnut green husk compared to its Portuguese counterpart.[@b43-ijn-13-8013] It is proposed that the improved antioxidant property of nanoparticles is due to the simultaneous activity of polyphenols as antioxidant agents and AgNPs as a catalyst.

Cytotoxicity
------------

The results of cytotoxicity investigations of different extract concentrations and AgNPs on L-929 fibroblast cells, as a normal cell line, and MCF-7, as a cancerous cell line, revealed that both the extract and nanoparticles are cytotoxic against cancerous cell line while being nontoxic toward normal cell line. This is when the CSNs (employed as a control) exhibited cytotoxicity toward both tumor and normal cell lines ([Figure 7C](#f7-ijn-13-8013){ref-type="fig"}). The maximum cell death detected for the synthesized AgNPs was only 15% for the cultured L-929 cells after 48-hour exposure. This is when CSN resulted in 60% cytotoxicity toward the L-929 cells. However, the cytotoxicity of AgNPs and the extract against MCF-7 tumor cell line were 70% and 42%, respectively (at the concentration of 60 µg/mL). As can be seen in [Figure 7](#f7-ijn-13-8013){ref-type="fig"}, the cytotoxicity of AgNPs, CSN, and the extract are all concentration dependent.

Till now, several studies have proven that polyphenol compounds (especially ellagic acid) are safe toward healthy cells while showing cytotoxicity against cancerous cells.[@b44-ijn-13-8013]--[@b48-ijn-13-8013] As previously mentioned, the walnut green husk is a rich source of polyphenols such as ellagic acid, which is responsible for the anticancer feature of the extract observed in this study. On the other hand, AgNPs with elevated activity due to their large surface to volume ratio could easily enter the cells, interact with cell constituents, and thus disturb the cellular signaling pathways. It has been postulated that AgNPs interact with mitochondria and disrupt the cellular electron transfer chain function leading to an increase in the ROS level.[@b49-ijn-13-8013]--[@b51-ijn-13-8013] Consequently, the oxidative stress generated by ROS could be considered as a main toxicity mechanism of AgNPs against cells. The elevated anticancer activity of the AgNPs could be attributed to a synergy between AgNPs and the covering polyphenols. It is proposed that the superior cytotoxicity of AgNPs against cancerous cells occurs owing to the highest uptake of nanoparticles by these cells rather than healthy cells, given that cancerous cells have an abnormal metabolism and high proliferation rate, which in turn makes them more vulnerable.[@b52-ijn-13-8013] The simultaneous effect of AgNPs and polyphenols not only increases the ROS generation but also inhibits the transcription process. It is noteworthy that antioxidants such as polyphenols show cytotoxicity only against nonhealthy cells.[@b43-ijn-13-8013] This report is in good agreement with the data in the literature, which report the concentration-dependent toxicity of nanoparticles, particularly at lower levels.[@b17-ijn-13-8013],[@b18-ijn-13-8013],[@b49-ijn-13-8013]

Antimicrobial tests
-------------------

Different assessments such as well diffusion, standard broth dilution method, and assessment of turbidity of culture medium (OD~600~) have been conducted to investigate the antimicrobial properties of the synthesized AgNPs. Based on the results presented in [Table 1](#t1-ijn-13-8013){ref-type="table"} and [Figure 8](#f8-ijn-13-8013){ref-type="fig"}, it is elucidated that these nanoparticles have significant antimicrobial behavior against the tested Gram-negative (*E. coli* and *P. aeruginosa*) and Gram-positive (*S. aureus*) bacteria.

Based on the inhibitory and bactericidal behavior of the nanoparticles, it was revealed that these nanoparticles are able to inhibit the growth of microbial strains in the MHB medium when used in very low concentrations. Results showed that the MIC of AgNPs against standard and noso-comial strains of *E. coli*, *P. aeruginosa*, and *S. aureus* is in the range of 5--30 µg/mL. An interesting finding was that the *S. aureus* and *P. aeruginosa* strains exposed to nanoparticles with sub-MIC concentration could form golden yellow and blue--green colonies, respectively. The color intensities were directly proportional to the concentration of the nanoparticles ([Figure 8D](#f8-ijn-13-8013){ref-type="fig"}).

After transferring the strains to the MHA medium, the MBC of the nanoparticles against Gram-negative strains was almost equal to their MIC values, while the MBC of the AgNPs against Gram-positive strains was 60 µg/mL, which is almost twofold higher than its MIC value. Generally, the MBC/MIC ratio is considered as a reliable index of antimicrobial behavior. It is assumed that for MBC/MIC ratio greater than 4, the agent is bacteriostatic, while for a ratio lower than 4, the agent is considered to be bactericidal.[@b48-ijn-13-8013],[@b49-ijn-13-8013],[@b53-ijn-13-8013],[@b54-ijn-13-8013]

To investigate the antimicrobial properties of green synthesized nanoparticles, the viability of each bacterial strain was also measured based on its OD~600~. Our findings not only further confirmed the MIC and MBC results but also showed that these nanoparticles can significantly decrease the microbial viability at concentrations lower than MIC ([Figure 9](#f9-ijn-13-8013){ref-type="fig"}).

The exact mechanism of antimicrobial activity of AgNPs is not known. However, the following four types of mechanisms have been proposed by researchers in this respect: Interaction of AgNPs with cell membranes, alterations in the membrane permeability, and perturbation of respiratory chain enzymes.Gradual diffusion of nanoparticles into the cells, which could both adversely affect the activity of cellular enzymes and restrict the transcription process by conjugation of silver particles to DNA.Leakage of subcellular components as a result of nanoparticles interaction with the plasma membrane leading to cell death.Generation of free radicals when the cell membrane is affected by silver ions.[@b3-ijn-13-8013],[@b55-ijn-13-8013]--[@b57-ijn-13-8013]

It seems that the prominent cell death mechanism is conjugation of nanoparticles with cells and change in the permeability of plasma membrane, which leads to free-radical and ROS generation. This assumption is further augmented by the emergence of pigments (such as beta carotene) in the tested bacteria as a defense mechanism against the oxidative stress as evident in [Figure 8D](#f8-ijn-13-8013){ref-type="fig"} and was also observed by other researchers.[@b58-ijn-13-8013],[@b59-ijn-13-8013] Same phenomena was also reported for copper oxide nanoparticles.[@b60-ijn-13-8013],[@b61-ijn-13-8013]

It is worth mentioning that the antimicrobial activity of nanoparticles not only depends on their physicochemical characteristics but also depends on the biological features of target microorganisms. Results obtained in this study, which are in good agreement with other researcher's findings, demonstrated that the Gram-positive strains exhibited greater resistance against nanoparticles in comparison with Gram-negative ones.[@b57-ijn-13-8013],[@b62-ijn-13-8013],[@b63-ijn-13-8013] Herein, we have employed the same nanoparticles for both Gram-positive and Gram-negative bacterial strains, while obtaining different antimicrobial efficacies ([Table 1](#t1-ijn-13-8013){ref-type="table"}). Results showed that the green synthesized AgNPs are able to kill *E. coli* when employed in a lower concentration than the concentrations used against *P. aeruginosa* and *S. aureus*. This observation can be explained by considering the differences between the cell wall of these three species. Presence of peptidoglycans in the structure of cell wall of *S. aureus* as well as its ability to produce pigments against ROS make it more resistant to the bactericidal effect of AgNPs.

Conclusion
==========

Although the interest in the medical and nonmedical applications of metal nanoparticles is increasing, there are many remaining concerns regarding their safety and toxicity for humans as well as the environment. A very mild and solvent-free procedure was employed, in this study, at a low temperature for the extraction of herbal material from an agricultural waste. The walnut green husk extract was found to be highly capable of producing AgNPs with favorable physicochemical and biological properties. The synthesized AgNPs proved to possess improved anticancer, antioxidant, and antimicrobial activity in comparison with the extract and a CSN. The method of AgNP synthesis introduced in this study, therefore, holds great potential as a simple, low-cost, and environmentally friendly approach for producing value-added products from waste material. The synthesized AgNPs exhibited selective cytotoxicity toward the cancerous cell line when compared to their effect on the normal cell line tested. These findings are very promising toward utilizing the biological effects of the AgNPs synthesized using walnut green husk extract.
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![(**A**) UV--Vis spectra of colloidal AgNPs indicating increase in the peak intensity with time, along with a redshift. (**B**) pH value of the mixture gradually decreased during the reaction time. (**C**) Color change of the mixture from light yellow to dark brown during the reaction, which indicates synthesis of silver nanoparticles.\
**Abbreviations:** AgNPs, silver nanoparticles; UV-Vis, ultraviolet-visible.](ijn-13-8013Fig1){#f1-ijn-13-8013}

![(**A**) X-ray powder diffraction spectrum of AgNPs. Peaks correspond to the face-centered cubic geometry of Ag crystal. (**B**) EDS spectrum of AgNPs. Presence of a sharp peak at 3 keV confirms the presence of silver nanoparticles.\
**Abbreviations:** AgNPs, silver nanoparticles; EDS, energy-dispersive X-ray spectroscopy.](ijn-13-8013Fig2){#f2-ijn-13-8013}

![Dynamic light-scattering analysis of AgNPs indicating: (**A**) zeta potential and (**B**) mean diameter of the particles.\
**Abbreviation:** AgNPs, silver nanoparticles.](ijn-13-8013Fig3){#f3-ijn-13-8013}

![Representative field emission scanning electron microscopy (FESEM) imaging of green-synthesized silver nanoparticles.\
**Notes:** (**A**) Scale bar: 1 µm. (**B**) Scale bar: 200 nm\
**Abbreviation:** RMRC, Razi Metallurgical Research Center.](ijn-13-8013Fig4){#f4-ijn-13-8013}

![FTIR spectra of (**A**) walnut green husk extract and (**B**) AgNPs from 400 to 4,000 cm^−1^. The similarity of the two spectra confirms the synthesis of AgNPs using the extract.\
**Abbreviations:** AgNPs, silver nanoparticles; FTIR, Fourier transform infrared.](ijn-13-8013Fig5){#f5-ijn-13-8013}

![The antioxidant behavior of commercial silver nanoparticles (CSNs), walnut green husk extract, and AgNPs increasing in a concentration-dependent manner (5--400 µg/mL) and as a result of exposure time (1 and 2 hours).\
**Abbreviation:** AgNPs, silver nanoparticles.](ijn-13-8013Fig6){#f6-ijn-13-8013}

![Cytotoxicity evaluation of (**A**) walnut green husk extract, (**B**) AgNPs, and (**C**) commercial silver nanoparticles (CSN) on L-929 and MCF-7 cell lines.\
**Abbreviation:** AgNPs, silver nanoparticles.](ijn-13-8013Fig7){#f7-ijn-13-8013}

![Antimicrobial efficacy of AgNPs against nosocomial strains of (**A**) *Escherichia coli*, (**B**) *Pseudomonas aeruginosa*, (**C**) *Staphylococcus aureus*, and (**D**) golden yellow colonies of *S. aureus* strain after exposure to different concentrations of AgNPs.\
**Abbreviation:** AgNPs, silver nanoparticles.](ijn-13-8013Fig8){#f8-ijn-13-8013}

![Microbial growth inhibition of AgNPs tested against nosocomial (N.) and standard bacterial strains. This graph shows that the AgNPs significantly inhibit bacterial growth even at low concentrations.\
**Abbreviation:** AgNPs, silver nanoparticles.](ijn-13-8013Fig9){#f9-ijn-13-8013}

###### 

Inhibition zone diameter (mm), minimum inhibitory concentration (MIC), and minimum bactericidal concentration (MBC) of AgNPs against nosocomial (N.) and standard strains of different bacteria

  Strains                       Diameter of inhibition zone (mm)   MIC (µg/mL)   MBC (µg/mL)                       
  ----------------------------- ---------------------------------- ------------- ------------- ---- ---- ---- ---- ----
                                                                                                                   
  N. *Staphylococcus aureus*    --                                 --            --            --   --   5    30   60
  *S. aureus* 1189 ATCC         --                                 --            --            --   --   5    20   60
  N. *Pseudomonas aeruginosa*   --                                 7             14            16   20   20   20   20
  *P. aeruginosa* 1214 PTCC     --                                 10            13            15   16   18   10   20
  N. *Escherichia coli*         --                                 10            13            15   15   17   10   10
  *E. coli* 35218 ATCC          --                                 10            12            13   16   17   5    5

**Abbreviations:** AgNPs, silver nanoparticles; ATCC, American Type Culture Collection; PTCC, Persian Type Culture Collection.
